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Abstract
The nuclear-encoded light-harvesting chlorophyll a/b-binding proteins (LHCPs) are specifically translocated from the stroma 
into the thylakoid membrane through the chloroplast signal recognition particle (cpSRP) pathway.  The cpSRP is composed 
of a cpSRP43 protein and a cpSRP54 protein, and it forms a soluble transit complex with LHCP in the chloroplast stroma. 
Here, we identified the YGL9 gene that is predicted to encode the probable rice cpSRP43 protein from a rice yellow-green 
leaf mutant.  A phylogenetic tree showed that an important conserved protein family, cpSRP43, is present in almost all 
green photosynthetic organisms such as higher plants and green algae.  Sequence analysis showed that YGL9 comprises a 
chloroplast transit peptide, three chromodomains and four ankyrin repeats, and the chromodomains and ankyrin repeats are 
probably involved in protein-protein interactions.  Subcellular localization showed that YGL9 is localized in the chloroplast. 
Expression pattern analysis indicated that YGL9 is mainly expressed in green leaf sheaths and leaves.  Quantitative real-time 
PCR analysis showed that the expression levels of genes associated with pigment metabolism, chloroplast development 
and photosynthesis were distinctly affected in the ygl9 mutant.  These results indicated that YGL9 is possibly involved in 
pigment metabolism, chloroplast development and photosynthesis in rice.
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predictions from computational and comparative genomic 
approaches, there are approximately 2 500–3 000 proteins in 
chloroplasts (Armbruster et al. 2011), but only about 50–200 
proteins are encoded by the chloroplast genome (Stoebe 
et al. 1998; Race et al. 1999).  Therefore, a large number 
of nuclear-encoded but chloroplast-localized precursor 
proteins are synthesized in the cytosol and translocated 
into or across the chloroplast envelope through the Toc 
(translocon at the outer envelope membrane of chloroplasts) 
and Tic (translocon at the inner envelope membrane of 
chloroplasts) channels (Schnell et al. 1997; Jarvis and Soll 
2002; Li and Chiu 2010).  After being translocated across 
the chloroplast envelope, the thylakoid-localized proteins 
are further imported into or across the thylakoid membrane 
Received  7 December, 2015    Accepted  29 January, 2016
Correspondence HE Guang-hua, Tel: +86-23-68250158, 
E-mail: heghswu@163.com 
* These authors contributed equally to this study.
doi: 10.1016/S2095-3119(15)61310-7
1. Introduction
Chloroplasts are semi-autonomous organelles and they 
play a central role in photosynthetic solar energy trans-
duction in higher plants and green algae.  On the basis of 
© 2016, CAAS. Published by Elsevier Ltd. This is an open 
access art ic le under the CC BY-NC-ND l icense (http:/ /
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through four distinct pathways: the chloroplast Sec-depen-
dent pathway, the chloroplast twin-arginine translocation 
pathway, the chloroplast signal recognition particle (cpSRP) 
pathway and the spontaneous insertion pathway (Keegstra 
and Cline 1999; Robinson et al. 2001; Jarvis and Robinson 
2004; Richter et al. 2010).
The nuclear-encoded light-harvesting chlorophyll 
a/b-binding proteins (LHCPs), the most abundant mem-
brane proteins in the thylakoids, are important components 
of the antenna systems (light-harvesting complexes) 
and bind chlorophylls and carotenoid cofactors (Plumley 
and Schmidt 1995).  LHCPs are specifically translocated 
from the stroma into the thylakoid membrane through the 
post-translational cpSRP pathway. The cpSRP is simi-
lar to the cytosolic SRP, but it contains a novel protein, 
cpSRP43, instead of an RNA (Schuenemann et al. 1998; 
Schunemann 2004; Richter et al. 2010).  In Arabidopsis, 
the translocation of LHCPs involves the ankyrin protein LTD 
(Ouyang et al. 2011), the cpSRP subunit protein cpSRP43, 
the cpSRP subunit protein cpSRP54, the membrane-bound 
receptor protein cpFtsY, the integral membrane protein 
Alb3 and guanosine triphosphate (GTP) (Richter et al. 
2010). cpSRP43 and cpSRP54 function to form soluble 
transit complexes with LHCPs and translocate LHCPs from 
the stroma into the thylakoid membrane (Schuenemann 
et al. 1998; Klimyuk et al. 1999).
In a previous study, we characterized a novel yel-
low-green leaf mutant, ygl9, which exhibited a yellow-green 
leaf phenotype throughout its whole growth period but 
became slightly increasingly green as it matured (Zhang 
et al. 2015).  Additionally, the chlorophyll and carotenoid 
contents were significantly decreased in ygl9 compared with 
those in wild-type and the chloroplasts of the ygl9 mutant 
contained more osmiophilic granules but fewer grana stacks 
than those of wild-type (Zhang et al. 2015).  In this study, 
we identified the YGL9 gene from the ygl9 mutation.  YGL9 
encodes a chloroplast precursor protein and is predicted to 
be the rice cpSRP43.
2. Results
2.1. Cloning and sequence analysis of YGL9
The YGL9 gene was fine-mapped to a 63-kb interval on the 
short arm of chromosome 3, which was shown to contain 
11 predicted open reading frames (ORFs) in a previous 
study (Fig. 1) (Zhang et al. 2015).  Among these ORFs, 
LOC_Os03g03990 is predicted to encode a probable chlo-
roplast signal recognition particle 43 kDa protein (cpSRP43). 
A BLAST search of the rice genome database revealed that 
LOC_Os03g03990 is a single-copy gene with a 1 167-bp 
coding sequence and contains no introns; it encodes a 
polypeptide of 388 amino acid residues with a predicted 
molecular mass of 42.1 kDa.  DNA and cDNA sequencing 
results indicated that a single base (at position 900) was 
mutated (G to A) in the ygl9 mutant, which caused a pre-
Fig. 1  Map-based cloning of YGL9 (Zhang et al. 2015).  YGL9 was mapped to a 63-kb interval on the short arm of chromosome 
3 (Zhang et al. 2015).  Sequencing analysis showed that a single base in the coding region of LOC_Os03g03990 was mutated (G 
to A) in the ygl9 mutant, which caused a premature stop codon.  WT, wild type.  
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mature stop codon (Fig. 1; Appendix A).  The Arabidopsis 
cao mutant, which lacked cpSRP43, exhibited a chlorotic 
phenotype (Klimyuk et al. 1999), as also observed for ygl9, 
so we speculated that LOC_Os03g03990 is the candidate 
gene for YGL9.
2.2. Complementation analysis of ygl9 mutant
To confirm whether the premature stop of translation of 
LOC_Os03g03990 resulted in the mutant phenotype, 
we performed a complementation experiment by trans-
forming a 6 812-bp wild-type DNA fragment containing 
LOC_Os03g03990 into the ygl9 mutant.  A total of 22 pos-
itive transgenic plants were identified by polymerase chain 
reaction (PCR) screening.  All of these transgenic plants 
had green leaves (Fig. 2-A and B) and their chlorophyll 
and carotenoid contents approached the levels of wild-
type plants (Fig. 2-C).  These results demonstrated that 
LOC_Os03g03990 is the YGL9 gene.
 
2.3. YGL9 is the rice cpSRP43 and localized in chlo-
roplasts
We analyzed the possible phylogenetic relationship be-
tween YGL9 and related proteins in other organisms.  The 
phylogenetic tree showed that a conserved protein family, 
cpSRP43, is present in almost all photosynthetic organisms, 
including monocotyledons, dicotyledons, bryophytes, and 
green algae (Fig. 3).
Subsequently, we analyzed the structure of the YGL9 
protein.  The previous studies showed that CAO (the Ara-
bidopsis cpSRP43) contains a chloroplast transit peptide, 
three chromodomains (CDs) and four ankyrin repeats 
(Anks), and the CDs and Anks mediate protein-protein in-
teractions (Klimyuk et al. 1999; Jonas-Straube et al. 2001; 
Goforth et al. 2004; Stengel et al. 2008).  The alignment 
of amino acid sequences of YGL9 and CAO showed that 
YGL9 is highly similar to CAO (Fig. 4).  Additionally, YGL9 
was predicted to contain a chloroplast transit peptide at its 
N-terminus (Fig. 4).  These results indicate that YGL9 may 
also be composed of a chloroplast transit peptide, three CDs 
and four Anks, and the CDs and Anks are most probably 
involved in protein-protein interactions.
To determine whether YGL9 localizes in the chloroplast, 
the full-length coding sequences of YGL9 were fused to the 
N-terminus of GFP gene in vector pYGL9-GFP.  Observation 
by confocal microscopy showed that the green fluorescence 
signals from the YGL9-GFP fusion protein colocalized with 
the chlorophyll autofluorescence signals in the chloroplast; 
in contrast, the GFP green fluorescence signals alone were 
localized in the cytosol and nucleus (Fig. 5).  These results 
indicated that YGL9 is a chloroplast precursor protein and 
functions in the rice chloroplast. 
2.4. Expression analysis of YGL9 and genes asso-
ciated with pigment metabolism and chloroplast 
development
qRT-PCR was performed to study the expression pattern 
of YGL9.  YGL9 was expressed in all organs tested, includ-
ing roots, culms, leaf sheaths, flag leaves, young panicles 
(white), and green panicles, with higher expression levels 
in green leaf sheaths and leaves (Fig. 6-A).
Subsequently, expression analysis of pigment metab-
olism-related genes was compared between ygl9 and 
wild-type plants at the heading stage (Fig. 6-B).  The tran-
scription level of YGL9 showed no apparent change in ygl9 
compared with that in wild type.  The transcription levels 
of chlorophyll metabolism-related genes, CAO1 (encoding 
chlorophyllide a oxygenase), DVR (encoding divinyl reduc-
tase), HEMD (encoding uroporphyrinogen III synthase), and 
HEMA1 (encoding glutamyl-RNA reductase) were slightly 
upregulated in ygl9, and CHLD (encoding Mg-chelatase D 
subunit), CHLI (encoding Mg-chelatase I subunit), CHLM 
(encoding Mg-protoporphyrin methyltransferase), YGL1 
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Fig. 2  Complementation analysis of the ygl9 mutant at the 
tilling stage.  A and B, leaf phenotypes of the WT, ygl9 mutant 
and complemented plants.  C, Chl a, Chl b and Car contents 
of the WT, ygl9 and complemented plants.  Chl a, chlorophyll 
a; Chl b, chlorophyll b; Car, carotenoid; Com1, Com2 Com3, 
complemented plants.  *, significance at P<0.05; **, significance 
at P<0.01.  Bars are SD.  The same as below.
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(encoding chlorophyll synthase), and PORA (encoding 
NADPH-dependent protochlorophyllide oxidoreductase) 
were obviously upregulated in ygl9.  The transcription levels 
of carotenoid metabolism-related genes, PSY1 (encoding 
phytoene synthase 1), PSY2 (encoding phytoene synthase 
2) and PDS (encoding phytoene desaturase) were slightly 
upregulated in ygl9.  These results indicated that YGL9 
affected both chlorophyll and carotenoid metabolism in rice.
Chloroplast development- and photosynthesis-related 
genes were also compared between ygl9 and wild-type 
plants (Fig. 6-C).  The transcription levels of rbcL (encoding 
the large subunit of Rubisco), rbcS (encoding the small sub-
unit of Rubisco), psaA (encoding the reaction center protein 
A1 of photosystem I (PSI)) and petA (encoding a subunit 
of the cytochrome b6f complex) were slightly upregulated, 
but psbO (encoding a subunit of photosystem II (PSII)) was 
obviously upregulated in ygl9.  The transcription levels of 
psbA (encoding the reaction center protein D1 of PSII), atpA 
Fig. 3  The phylogenetic relationships between YGL9 and related proteins.  YGL9 is marked with a rectangle.  The amino acid 
sequences of Bostr.25993s0016.1 (Boechera stricta), Carubv10021283m (Capsella rubella) and Pavir.J40778.1 (Panicum virgatum) 
were obtained from Phytozome 10.3; M0W468 (Hordeum vulgare var. distichum), A0A0D9VP61 (Leersia perrieri), A0A0E0GGB7 
(Oryza nivara) and Phpat.023G040400.1 (Physcomitrella patens) from UniProt, and the other proteins from National Center for 
Biotechnology Information (NCBI) of China.  The genetic distance scale is shown at the bottom left.
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(encoding the α subunit of ATP synthase), atpG (encoding 
the γ subunit of ATP synthase), and ndhB (encoding a sub-
unit of NADH dehydrogenase) were slightly downregulated 
in ygl9, but psaL (encoding a subunit of PSI), petG (encoding 
a subunit of the cytochrome b6f complex) and ndhA (en-
coding a subunit of NADH dehydrogenase) were obviously 
downregulated in ygl9.  These results indicated that YGL9 
affected chloroplast development and photosynthesis in rice.
Additionally, the probable LHCP-related genes in PSI and 
PSII (Umate 2010) were also compared between ygl9 and 
wild-type plants (Fig. 6-D). The transcription levels of Lhca1, 
Lhca2, Lhca3, cab1R (Lhcb1.3), Lhcb2.1, Lhcb3, Lhcb4.1, 
Lhcb5, and Lhcb6 were slightly upregulated in ygl9, while 
cab2R (Lhcb1.2), Lhca4, Lhca5, and Chl a/b were slightly 
downregulated in ygl9, but Lhca6, Lhcb1.1 and Lhcb2.1 
were obviously upregulated in ygl9.  These results indicated 
that YGL9 didn’t affect the transcription levels of most of the 
probable LHCP-related genes.
Fig. 4  Alignment of the amino acid sequences of YGL9 and AtCAO (GenBank accession number: AAD01509).  The red triangle 
at the 300th amino acid residue indicates the mutation site in ygl9.  AtCAO is composed of a cTP, three CDs and four Anks, and 
they are labeled with lines in different colors above the sequence.  YGL9 was predicted to contain a cTP (residues 1–42).  cTP, 
chloroplast transit peptide; CD, chromodomain; Ank, ankyrin repeat.
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Fig. 5  Subcellular localization of YGL9-GFP fusion protein in rice protoplasts.  A, free GFP was used as a control.  B, the YGL9-
GFP fusion protein was expressed in rice protoplasts. The GFP fluorescence, chlorophyll autofluorescence, bright-field image, 
and a merge of the bright-field, GFP fluorescence and chlorophyll autofluorescence images are shown in the respective panels. 
Scale bars, 5 μm.
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Fig. 6  Quantitative real-time PCR analysis of YGL9 and genes associated with pigment metabolism and photosynthesis in WT and 
ygl9 plants.  A, expression analysis of YGL9 in roots, culms, leaves, leaf sheaths, young panicles (white), and green panicles in WT. 
B, expression analysis of genes associated with pigment metabolism in WT and ygl9.  C, expression analysis of genes associated 
with photosynthesis in WT and ygl9.  D, expression analysis of genes associated with the probable rice LHCPs in WT and ygl9. 
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2.5. Overexpression of the YGL9 gene in rice
To evaluate further the application of YGL9 to rice breeding, 
the gene was overexpressed in Jinhui 10 under the control 
of the rice ubiquitin2 promoter.  Three independent positive 
transgenic plants that were stained with β-glucuronidase 
were chosen for analysis.  qRT-PCR analysis indicated that 
the transcription level of YGL9 was obviously increased in 
these three plants compared with that in Jinhui 10 plants at the 
tilling stage (Fig. 7-A).  Several photosynthesis-related genes 
were also analyzed and the transcription levels of all of these 
genes were distinctly upregulated in plants #1 and #3, but 
rbcS, psaA and atpA were distinctly downregulated in plant 
#2 (Fig. 7-B).  We cannot explain this phenomenon in plant 
#2, but we may infer from the upregulation of the transcription 
levels of photosynthesis-related genes tested in plants #1 and 
#3 that the overexpression of the YGL9 gene may, in some 
circumstances, be able to enhance photosynthesis in rice. 
However, probably owing to chilling damage at the heading 
stage, these three plants exhibited no difference in height 
phenotype compared with Jinhui 10 plants (data not shown).
3. Discussion
In this study, we identified the YGL9 gene, the rice cpS-
RP43 gene, from a yellow-green leaf mutant.  cpSRP43 is 
an important conserved protein family and it is present in 
almost all green photosynthetic organisms such as higher 
plants and green algae (Fig. 3).  cpSRP43 together with 
cpSRP54 functions to translocate LHCPs from the stroma 
into the thylakoid membrane through the post-translational 
cpSRP pathway (Schuenemann et al. 1998; Klimyuk et al. 
1999).  LHCPs are important components of light-harvesting 
complexes that bind chlorophylls and carotenoid cofactors 
(Plumley and Schmidt 1995).  qRT-PCR analysis showed 
that the transcription levels of most of the probable LHCP 
genes were not obviously affected in ygl9 compared with 
those in wild-type (Fig. 6-D).  The possible reason is that the 
cpSRP pathway most probably affects the post-transcription 
or post-transcriptional translocation levels of LHCPs instead 
of the transcription levels of them.  Thus, we can infer that 
the mutation of YGL9 caused the ygl9 mutant to loss most if 
not all functions of cpSRP43 to bind and translocate LHCPs 
from the stroma into the thylakoid membrane and further re-
sulted in significantly decreased chlorophyll and carotenoid 
contents in ygl9 compared with those in wild-type (Zhang 
et al. 2015); probably owing to the lack of chlorophylls and 
carotenoids, the transcription levels of all the pigment metab-
olism-related genes detected in ygl9 increased distinctively 
to synthesize more chlorophylls and carotenoids (Fig. 6-B). 
Additionally, qRT-PCR analysis showed that the transcription 
levels of most of the chloroplast development and photo-
synthesis-related genes detected were not affected, but the 
transcription levels of psbO was obviously upregulated and 
psaL, petG and ndhA were obviously downregulated in ygl9 
(Fig. 6-C).  In the previous studies, the translation levels of 
the reaction center proteins psaA and psaB of PSI and D1 
(PsbA) and D2 (PsbB) of PSII were not affected and even 
increased in the Arabidopsis cao mutant of cpSRP43 (Amin 
et al. 1999; Klimyuk et al. 1999).  We also analyzed the tran-
scription levels of psaB and psbB in ygl9 and the levels of 
them were both slightly upregulated (data not shown).  Thus, 
the abnormal expression of genes such as psbO, psaL, petG 
and ndhA together with the lack of LHCPs, chlorophylls and 
carotenoids might cause the abnormal chloroplasts of the 
ygl9 mutant (Zhang et al. 2015).
CAO, the Arabidopsis cpSRP43, contains three CDs 
(CD1–3) and four Anks (Ank1–4) that the CDs and Anks 
function to mediate protein-protein interactions (Klimyuk 
et al. 1999; Jonas-Straube et al. 2001; Goforth et al. 2004). 
The four Anks interact with the L18 region of LHCPs (Tu 
et al. 2000; Jonas-Straube et al. 2001; Stengel et al. 2008). 
CD1 is possibly involved in the regulation of GTP hydrolysis 
by cpSRP54 and cpFtsy (Goforth et al. 2004).  CD2 alone 
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Fig. 7  Overexpression analysis of YGL9 in rice.  A, expression analysis of YGL9 comparing WT and YGL9-overexpressing plants. 
B, expression analysis of genes associated with photosynthesis in WT and YGL9-overexpressing plants. 
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interacts with the M-domain of cpSRP54 (Goforth et al. 2004; 
Sivaraja et al. 2005; Hermkes et al. 2006).  Recently, CD3 
was reported to specifically interacts with the C-terminus 
of Alb3 (Horn et al. 2015).  Additionally, cpSRP43 was also 
found to interact with LTD (Ouyang et al. 2011).  YGL9 also 
consists of a chloroplast transit peptide, three CDs and four 
Anks (Fig. 4), and the CDs and Anks make it possible for 
YGL9 to interact with other cpSRP-related proteins in rice. 
To date, few genes associated with the cpSRP pathway have 
been reported in rice except the probable rice cpSRP54, 
YGL138(t) (LOC_Os11g05552) (Zhang et al. 2013), but 
further studies are required to validate whether YGL138(t) 
is involved in the cpSRP pathway.
In Arabidopsis, cpSRP43 and cpSRP54 form soluble 
transit complexes with LHCPs in the chloroplast stroma 
(Schuenemann et al. 1998).  The Arabidopsis mutants of 
cpSRP54 had yellow true leaves that became increasingly 
green as they matured, but were still less green than the 
wild-type leaves (Yu et al. 2012).  The Arabidopsis cao mu-
tant of cpSRP43 was complemented by the overexpression 
of cpSRP43 cDNA from which the CD2 domain had been 
deleted under the control of the CaMV 35S promoter (Tz-
vetkova-Chevolleau et al. 2007).  Some previous studies 
showed that cpSRP43 alone formed a complex with LHCP 
in vitro (Falk and Sinning 2010; Jaru-Ampornpan et al. 2010) 
and cpSRP43 was also found to interact directly with Alb3 
(Tzvetkova-Chevolleau et al. 2007; Bals et al. 2010; Falk 
et al. 2010; Lewis et al. 2010; Horn et al. 2015).  These stud-
ies indicated that there is an alternative cpSRP43-dependent 
pathway that is independent of both cpSRP54 and cpFtsY 
for the translocation of LHCPs (Tzvetkova-Chevolleau et al. 
2007).  However, it seems that the cpSRP43-dependent 
pathway is less efficient than the cpSRP pathway.
In the Arabidopsis cao mutant of cpSRP43, the Ds inser-
tion occurred downstream of the complete Ank1–4 domains 
of cpSRP43 (Klimyuk et al. 1999).  In this study, owing to 
the cessation of translation at the 300th amino acid, the ygl9 
mutant produced an incomplete cpSRP43 that contained the 
complete Ank1–4 domains but lacked CD2 and CD3 (Fig. 4), 
and thus, the incomplete cpSRP43 couldn’t bind cpSRP54; 
however, if the incomplete cpSRP43 were not degraded, the 
complete Ank1–4 domains would interact with both LHCPs 
(Tu et al. 2000; Jonas-Straube et al. 2001; Stengel et al. 
2008).  Therefore, the incomplete cpSRP43 might function 
to translocate some LHCPs from the stroma into the thyla-
koid membrane through the cpSRP43-dependent pathway 
described above, and this may be a possible reason that 
the rice ygl9 mutant and the Arabidopsis cao mutant still 
had pale green leaves throughout their growth when they 
grew photoautotrophically (Klimyuk et al. 1999; Zhang et al. 
2015).  Altogether, we consider that the rice ygl9 mutant and 
the Arabidopsis cao mutant of cpSRP43 might not actually 
be null mutants, but further studies are required to prove this.
4. Conclusion
In this article, we reported the YGL9 gene, the rice cpSRP43 
gene, which is involved in the post-translational translocation 
of LHCPs.  YGL9 possibly affected pigment metabolism, 
chloroplast development and photosynthesis in rice.
5. Materials and methods
5.1. Plant materials and growth conditions
The rice yellow-green leaf mutant ygl9 was derived from 
Oryza sativa L. indica cultivar Jinhui 10 treated with ethyl 
methane sulfonate (Zhang et al. 2015).  All plants were 
grown under natural conditions.
5.2. Gene cloning and sequence analysis
Putative candidate genes were amplified from the ygl9 
mutant and wild type Jinhui 10 DNA and cDNA.  Specific 
primers were designed according to the DNA and cDNA se-
quences of the Oryza sativa L. japonica cultivar Nipponbare 
(http://www.gramene.org/).  The amplified PCR products 
were purified using a DNA Gel Extraction Kit (Corning Life 
Sciences Co. Ltd., China), introduced into vector pMD19-T 
(TaKaRa Bio Inc., China) and transformed into Escherichia 
coli DH5α.  Positive colonies were sequenced by Shanghai 
Invitrogen Biotechnology Co. Ltd. (China).  Sequences were 
aligned using Vector NTI Advance 10 (Invitrogen, http://www.
invitrogen.com/).  All primers used in this study are shown 
in Appendix B.
5.3. Vector construction for genetic complementation 
and overexpression
For complementation of the ygl9 mutant, a 6  812-bp 
genomic DNA fragment containing the entire 1 167 bp 
coding region, a 4 373-bp upstream region and a 1 272-bp 
downstream region was  amplified from Jinhui 10 DNA. 
The amplified fragment was digested with NcoI and XbaI 
and inserted into the binary vector pCAMBIA1301 to form 
pCAMBIA1301-YGL9.
For overexpression of the YGL9 gene, the full-length 
coding sequences of YGL9 were amplified from Jinhui 10 
cDNA and cloned into the binary vector pCAMRubi2 (digest-
ed with EcoRI and HindIII) to produce pCAMRubi2-YGL9 
using a pEASY-Uni Seamless Cloning and Assembly Kit 
(TransGen Biotech Co. Ltd., China).  YGL9 was driven by 
the rice ubiquitin2 promoter (Wang et al. 2000).
pCAMBIA1301-YGL9 was introduced into the ygl9 mutant 
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and pCAMRubi2-YGL9 was introduced into Jinhui 10 using 
the Agrobacterium-mediated method (Hiei and Komari 2008) 
by Wuhan Biorun Bio-Tech Co. Ltd. (China).
5.4. Measurement of photosynthetic pigment con-
tents
Photosynthetic pigments were extracted from newly de-
veloped mature leaves from Jinhui 10 plants, ygl9 mutants 
and complemented plants at the tilling stage.  About 0.1 g of 
fresh leaves were cut and immersed in 25 mL of extraction 
buffer (acetone/ethanol, 1:1 (v/v)) for 24 to 48 h at room tem-
perature in the dark.  The concentrations of pigments were 
measured with a UV-1800PC spectrophotometer (Mapada 
Co. Ltd., China) at 663, 645 and 470 nm, respectively, and 
calculated according to Wellburn’s (1994) method .
5.5. RNA extraction and quantitative real-time PCR 
(qRT-PCR) analysis
Total rice RNA was extracted from the roots, culms, leaf 
sheaths, flag leaves, young panicles (white), and green 
panicles at the heading stage using an RNAprep Pure 
Plant Kits (Tiangen Co. Ltd., China).  First-strand cDNAs 
were synthesized using a PrimeScript RT Reagent Kit with 
gDNA Eraser (Perfect Real Time, TaKaRa Bio Inc., China). 
qRT-PCR was performed using a SYBR Premix Ex Taq Kit 
(TaKaRa Bio Inc., China) in an ABI Prism 7500 Real-Time 
PCR System (Invitrogen, USA).  Relative expression levels 
of genes were calculated using the formula 2–ΔΔCt and are 
expressed relative to OsActin1.
5.6. Structural and sequence analyses of YGL9
The chloroplast transit peptide was predicted using Chlo-
roP (http://www.cbs.dtu.dk/services/ChloroP/) and UniProt 
(http://www.uniprot.org/).  Amino acid sequences were 
aligned using Vector NTI Advance 10.  Proteins homolo-
gous to YGL9 were obtained from the National Center for 
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.
gov/), Phytozome 10.3 (http://phytozome.jgi.doe.gov/pz/
portal.html) and UniProt.  A neighbor-joining tree was con-
structed using MEGA v6.0 by the bootstrap method with 
1 000 replicates (Tamura et al. 2013).
5.7. Subcellular localization
The full-length coding sequences of YGL9 was fused to 
the N-terminus of GFP(green fluorescent protein) gene 
under the control of the enhanced CaMV 35S promoter 
in the XhoI and SpeI sites of vector pA7-GFP to generate 
pYGL9-GFP.  Both pYGL9-GFP and empty pA7-GFP vector 
were transformed into rice protoplasts (Chen et al. 2006). 
GFP fluorescence were detected using a confocal laser 
scanning microscope (Zeiss LSM710, Germany).
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